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A s t u d y  of t h e  e f f e c t i v e n e s s  of a tomic oxygen and 
carbon monoxide as c o o l i n g  agents  i n  a p l a n e t a r y  thermo- 
s p h e r e  i s  c a r r i e d  o u t .  Ana ly t i c  e x p r e s s i o n s  f o r  t h e  
t o t a l  flux r a d i a t e d  by t h e s e  c o n s t i t u e n t s  are d e r i v e d  
based  on t h e  assumption of a s h a r p l y  d e f i n e d  r a d i a t i o n  
zone i n  which t h e  scale h e i g h t  v a r i a t i o n  i s  l i n e a r .  I t  
i s  found t h a t  t h e  t o t a l  f l u x  r a d i a t e d  by atomic oxygen 
can exceed t h a t  r a d i a t e d  by carbon monoxide i f  t h e  
tempera ture  i n  t h e  r a d i a t i n g  r e g i o n  is  less t h a n  300 0 K. 
The  time-dependent thermal  conduct ion  e q u a t i o n  i s  
cons ide red  b r i e f l y .  I t  is shown t h a t  t h e  c o o l i n g  t i m e  
f o r  carbon monoxide is  of t h e  o r d e r  of a few hour s ,  i n  
c o n t r a s t  t o  t h e  severa l -day  c o o l i n g  t i m e  of a tomic  
oxygen. A s u b s t a n t i a l  ove rn igh t  c o o l i n g  i s  t h u s  t o  be 
expec ted  i n  p l a n e t a r y  thermospheres which c o n t a i n  carbon 
monoxide. 
1. I n t r o d u c t i o n  
Atomic oxygen and carbon monoxide are p r e s e n t  i n  
vary ing  degree  i n  t h e  upper atmospheres of t h e  E a r t h ,  
Mars and Venus. The E a r t h ' s  thermosphere is  predomi- 
n a t e l y  atomic oxygen and does n o t  c o n t a i n  much carbon 
monoxide. The atmospheres of Mars and Venus, on t h e  o t h e r  
hand, c o n t a i n  s u b s t a n t i a l  CO and must t h e r e f o r e  c o n t a i n  2 
an abundance of bo th  of t h e  d i s s o c i a t i o n  products ,  CO 
and 0. 
Each of t h e s e  c o n s t i t u e n t s  can c o o l  a p l a n e t a r y  
thermosphere by i n f r a r e d  emissio;l of some of t h e  thermal  
energy depos i ted  by s o l a r  extreme u l t r a v i o l e t  ( E W )  
r a d i a t i o n .  The p o s s i b l e  importance of t h e  magnetic 
3 3 d i p o l e  t r a n s i t i o n  O( P ) 4 O( P ) w i t h i n  t h e  ground s t a t e  
t r i p l e t  of oxygen i n  cool ing  t h e  E a r t h ' s  thermDsphere w a s  
po in t ed  o u t  b y  B a t e s  (1951). McElroy et &. (1965) have 
s t u d i e d  t h e  e f f e c t i v e n e s s  of CO r o t a t i o n a l  t r a n s i t i o n s  i n  
coo l ing  t h e  Martian thermosphere. 
1 2 
The power r a d i a t e d  by atomic oxygen i s  only weakly 
temperature  dependent,  whereas t h e  power r a d i a t e d  by 
carbon monoxide i s  p ropor t iona l  t o  t h e  square of t h e  
temperature .  However, d i r e c t  comparison of t h e  power 
2 
3 
r a d i a t e d  by each c o n s t i t u e n t  can  be mis leading .  The 
.- prq/sicdiiy- 7 s i y - i i i f i c a n t  y-Gailtity is the t-tal e?,erc;y 
p e r  c m 2  column of atmosphere by each  c o n s t i t u e n t .  
c a l c u l a t i o n s  p re sen ted  be lox  show t h a t  t h e  t o t a l  energy 
loss by  0 and CO i s  more s t r o n g l y  t empera tu re  dependent  
than  i s  t h e  povJer r a d i a t e d  l o c a l l y .  The importance of 
t h e  62, r a d i a t i o n  of a tomic oxygen r e l a t i v e  t o  r o t a t i o n a l  
l o s s  by CO i s  s i g n i f i c a n t l y  g r e a t e r  t han  cou ld  be i n f e r -  
r e d  s o l e l y  from comparison of t h e  p m e r  r a d i a t e d  by each  
c o n s t i t u e n t .  I f  t h e  tempera ture  a t  t h e  a l t i t u d e s  where 
r a d i a t i v e  loss occur s  i s  less than  300 K ,  a tomic oxygen 
can  be t h e  dominant r a d i a t o r .  A p r e c i s e  d e t e r m i n a t i o n  
depends on t h e  scale h e i g h t  g r a d i e n t s  i n  t h e  r a d i a t i o n  
zone, t h e  tempera tures  a t  which r a d i a t i v e  loss commences 
(assuming i t  commences a t  a wel l -def ined  o p t i c a l  dep th  
i n  each c o n s t i t u e n t ) ,  and whether o r  n o t  t h e  c o n s t i t u e n t s  
a r e  i n  d i f f u s i v e  equ i l ib r ium.  Even f o r  tempera tures  i n  
t h e  r a d i a t i o n  zone of -500°K t h e  r a t i o  of O/CO energy 
loss may be -.5. 
The 
0 
The a n a l y t i c  expres s ions  developed i n  t h i s  paper  f o r  
t h e  f l u x  r a d i a t e d  by 0 and CO may s e r v e  as a u s e f u l  check 
on t h e  r e s u l t s  of d e t a i l e d  i n t e g r a t i o n s  of t h e  thermal  
conduc t i o i l  e q u a t i o n .  
The time-dependent form of t h e  thermal  conduct ion  
e q u a t i o n  i s  c s n s i d e r e d  w i t h  a view t o  o b t a i n i n g  a q u a l i -  
t a t i v e  i d e a  of t h e  ampli tude of t h e  t empera tu re  d rop  
expec ted  d u r i n g  t h e  n i g h t .  When t h e  t e r m s  r e p r e s e n t i n g  
c s n d u c t i v e  l o s s  and r a d i a t i v e  loss  due t o  a tomic oxygen 
are dropped, a s imple  expres s ion  f o r  t h e  tempera ture  
decay nay bo ob ta ined .  A cool ing  t i m e  f o r  CO r a d i a t i o n  
i s  d e f i n e d  a s  t h e  t ime i n  which t h e  t empera tu re  would 
f a l l  t o  h a l f  i t s  i n i t i a l  va lue  d u e  t o  CO r a d i a t i v e  loss 
a l o n e .  Th i s  c o o l i n g  t i m e  i s  found t o  vary  from about  
7 hours  f o r  an i n i t i a l  temp2rature  of 1C)OOOK t o  12 hours  
f o r  an i n i t i a l  t empera tu re  of 600 K.  I n  t h e  absence  of 
a n o c t u r n a l  h e a t  s a u r c s ,  CO c o o l i n g  a l o n e  w i l l  c ause  t h e  
exosphe r i c  tempera ture  t o  f a l l  t o  S300°K i n  a 1 2  hour 
p e r i o d  f o r  i n i t i a l  temperatures  ~L.1000 K .  
2 .  Power Radia ted  Loca l ly  by 0 and CO 
0 
0 
R a d i a t i v e  l o s s  v i a  t r a n s i t i o n s  w i t h i n  t h e  ground 
s t a t e  t r i p l e t  of atomic oxygen were cons ide red  by B a t e s  
(1951) i n  con junc t ion  w i t h  h i s  d i s c u s s i o n  of h e a t i n g  of 
t h e  E a r t h ' s  upper atmosphere. The ground s t a t e  of 
atomic oxygen i s  an  i n v e r t e d  t r i p l e t  w i th  t h e  3P0 and 3Pl 
4 
5 
l e v e l s  l y i n g  .028 and .020 e .v .  r e s p e c t i v e l y  a b m e  t h e  
2 
dP l e v e l .  The E i n s t e i n  c o e f f i c i e n t s  f o r  t h e s e  t r a n s i -  2 
-5 -1 -1 = 1 .7  x 10 sec and A = 8 .9  x sec . 
A02 1 2  
t i o n s  a r e  
Due t o  t h e  g r e a t e r  e x c i t a t i o n  energy of t h e  3P l e v e l ,  
t h e  s m a l l  s t a t i s t i c a l  weight ,  g = 1, and t h e  r e l a t i v e  
magnitudes of t h e  E i n s t e i n  c o e f f i c i e n t s ,  emiss ion  from 
3P and may be 
n e g l e c t e d .  
w i t h i n  t h e  O (  P 
who concluded t h a t  c o l l i s i o n a l  e x c i t a t i o n  of t h e  e x c i t e d  
l e v a l s  would probably o x u r  much f a s t e r  t han  photon 
0 
0 
w i l l  be much smaller than t h a t  from 3P 
0 1 
The q u e s t i o n  of thermodynamic e q u i l i b r i u m  
) t r i p l e t  w a s  cons ide red  by B a t e s ,  3 
0 , 1 , 2  
emiss ion  i f  t h e  t o t a l  p a r t i c l e  d e n s i t y  w e r e  210 9 c m  -3 . 
I t  w i l l  be shown below t h a t  i n f r a r e d  emissio;l i n  t h e  62r; 
oxygen l i n e  i s  almost c e r t a i n  t o  be e f f e c t i v e  a t  much 
h i g h e r  d e n s i t i e s  and t h a t  t h e  assumption of e q u i l i b r i u m  
w i t h i n  t h e  oxygen ground s t a t e  i s  t h e r e f o r e  j u s t i f i e d .  
With t h i s  assumption t h e  plwer r a d i a t e d  i n  t h e  62u l i n e  
is  
6 
where -:1 and c o  are the  ene rg ie s  of t h e  3P 
g o ,  gl ,  and g a re  t h e  s t a t i s t i ca l  weights  ( t h e  subsciipt 
refers t o  t h e  corresponding J v a l u e )  and n r e f e r s  t o  t h e  
and 3P0 l e v e l s ,  1 
2 
oxygen number d e n s i t i e s .  Evaluat ing t h e  c o n s t a n t s  r e s u l t s  
i n  
- 18 3 
R = 2.85 x 10 n ( 2 )  f ( T )  ergs/cm sec S ox 
where n ( 2 )  i s  t h e  t o t a l  oxygen d e n s i t y  and ox 
f ( T )  = 
-228/T + e -325/T 5 + 3e 
The temperature  dependence of t h e  power r a d i a t e d  l o c a l l y  
by atomic oxygen i s  no t  very g r e a t .  The f a c t o r  f ( T )  v a r i e s  
from 0 t o  1/3 a s  T v a r i e s  from 0 t o  m. 
The express ion  f o r  t h e  power r a d i a t e d  l o c a l l y  by CO 
w a s  a l s o  given by  B a t e s .  The pDwer r a d i a t e d  i s  p r o p o r t i o n a l  
t o  t h e  square of t h e  temperature  i n  t h i s  case and i s  g iven  
bY 
-23 2 3 
R = 2.58 x 10 n T ergs/cm sec r CO (4)  
7 
R o t a t i o n a l  s ta tes  are r e a d i l y  pDpulated by c o l l i s i o n s  
(Zener ,  i 9 3 i j  ana i t  i s  h i g h i y  p robab le  t h a t  carbon 
monoxide is i n  r o t a t i o n a l  e q u i l i b r i u n  w e l l  abme t h e  
r e g i o n  of r a d i a t i v e  l o s s .  
3 .  Equat ion of R a d i a t i v e  Trans fe r  f o r  a Doppler-Broadened L ine  
An accurate e v a l u a t i o n  of t h e  t o t a l  energy l o s t  by 
a r a d i a t i n g  c o n s t i t u e n t  such as  0 o r  CO r e q u i r e s  a deter-  
mina t ion  of t h e  a l t i t u d e  a t  which u n i t  o p t i c a l  dep th  
occur s .  W e  w i l l  assume that  r a d i a t i v e  loss i s  f u l l y  
e f f e c t i v e  abwe u n i t  o p t i c a l  d e p t h  and i n e f f e c t i v e  a t  
l o d e r  a l t i t u d e s .  An express ion  f o r  t h e  o p t i c a l  dep th  i n  
Doppler-broadened l i n e s  may be ob ta ined  from t h e  equa t ion  
of r a d i a t i v e  t r a n s f e r .  W e  cons ide r  a two-level  system 
with t h e  upper elierrjy s t a t e  denoted by s u b s c r i p t  2 and 
t h e  lower s t a t e  by s u b s c r i p t  1, and a r a d i a t i o n  f i e l d  of 
d e n s i t y  L . The r a t e  of dec rease  i n  t h e  pDpulat ion of 
t h e  upper energy s ta te  i s  
‘$ 
- n l B 1 2 F V  - n A  + n B  P 
2 
dn 
d t  2 2 1  2 2 1  v 
- - -  
and B a r e  t h e  E i n s t e i n  c o e f f i c i e n t s  for  12 B 21’ 21’ where A 
. 
spontaneous and induced  emission and f o r  absorp t ion .  
E a c h  transition r e s u l t i n g  in a decrease i:: ri2 mrresponda 
t o  t h e  a d d i t i o n  of a photon t o  t h e  r a d i a t i o n  f i e l d .  S ince  
t h i s  emission occurs over a frequency range the decrease  
i n  n corresponds t o  an inc rease  i n  the  photon i n t e n s i t y  2 
( i n  u n i t s  cm-2steradian -1 sec -1 (cps )  -l) i n t e g r a t e d  over 
f requency and d i r e c t i o n ,  i . e .  , 
where dR i s  t h e  element of s o l i d  angle ,  I,, t h e  r a d i a t i o n  
i n t e n s i t y ,  and d s  an element of pa th  length  i n  t h e  medium. 
I f  t h e  s p e c t r a l  l i n e  due t o  t r a n s i t i o n s  between s t a t e s  
2 and 1 i s  Doppler-broadened w e  may w r i t e  
2 
00 -r ( v - ~ o ) / ~ D i  
r I y d v  = Iv e d(v-Vo) -&  2 D I V o  (7) 
0 0 0  
where aD is  t h e  Doppler width and Iv 
l i n e  c e n t e r .  W e  now make use  of t h e  r e l a t i o n s h i p  between 
the  r a d i a t i o n  d e n s i t y  and i n t e n s i t y ,  
t h e  i n t e n s i t y  a t  t h e  
0 
9 
between t h e  E i n s t e i n  c o e f f i c i e n t s  
where g and g a r e  t h e  s t a t i s t i c a l  weights  of l e v e l s  2 
and 1, and s u b s t i t u t e  t h e  combined r e s u l t s  of ( 6 )  and ( 7 )  
i n  ( 5 )  t o  o b t a i n  t h e  r a d i a t i v e  t r a n s f e r  e q u a t i o n  
2 1 
1 ’  
where F,, = -J$,ldl) i s  t h e  photon flux. The s u b s c r i p t  0 
on b has  been dropped. The r e l a t i o n  between t h e  d i r e c -  
t i o n s  s p e c i f i e d  by z and s is  dz = d s  c o s  t3 where 8 i s  
t h e  a n g l e  between d i r e c t i o n s  z and s .  I f  w e  now assume 
t h a t  t h e  l e v e l s  are i n  thermal  e q u i l i b r i u m  w e  have 
TT 
where e - - -  is  t h e  energy d i f f e r e n c e  between 
s ta tes  2 and 1, n i s  t h e  t o t a l  number d e n s i t y  and Z ( T )  
21 - < 2  “1 
i s  t h e  p a r t i t i o n  f u n c t i o n  for  t h e  system. With t h e  u s e  
of (11) t h e  r a d i a t i v e  t r ans fe r  equa t ion  i s  
-3 n i  + E  n - - -  1 dFv - 4 dz D V D 
where 
i s  t h e  aSso rp t ion  c r o s s  s e c t i o n  i n  t h e  l i n e  and 
i s  t h e  emission c o e f f i c i e n t .  The s u b s c r i p t  D r e f e r s  t o  
t h e  f a c t  t h a t  t h e s e  expres s ions  hold  f o r  Doppler-broad.3ned 
l i n e s .  The r a t i o  sD/oD is  j u s t  t h e  Plank d i s t r i b u t i o n  
( f o r  photons)  as  it m u s t  be s i n c e  thermal  e q u i l i b r i u n  has  
been  assumed. 
4. O p t i c a l  Depths i n  0 and CO 
W e  w i l l  o 3 t a i n  some i n i t i a l  es t imates  of t h e  osrer- 
l y i n g  nunber d e n s i t i e s  i n  oxygen and carbon monoxide a t  
which t h e s e  c o n s t i t u e n t s  may begin  t o  c o ~ l  a p l a n e t a r y  
thermosphere by r a d i a t i v e  loss. The o p t i c a l  d e p t h  i n  a 
l i n e  i s  de f ined  by 
11 
where t h e  a l t i t u d e  v a r i a b l e  i s  denoted by z .  I f  t h e  can- 
s t i t u e n t  n i s  d i s t r i b u t e d  i n  d i f f u s i v e  e q u i l i b r i u m  i n  an  
isothermal atmosphere,  t h e  o p t i c a l  dep th  i s  
T = O  n H  D 
and t h i s  u n i t  o p t i c a l  d e p t h  occur s  a t  a n  a l t i t u d s  where 
t h e  ove r ly ing  number d e n s i t y  i s  
1 
n H = -  
D CT 
For t h e  6211 l i n e  w e  e v a l u a t e  t h e  c o n s t a n t s  i n  (13) and 
1 u s e  t h e  p a r t i t i o n  f u n c t i o n  a p p r o p r i a t e  t o  t h e  O( 3 P 0 , 1 , 2  
t r i p l e t  t o  f i n d  
(18) - 16 1-e 1 2 
-228/T 
- 2 2 8 / T + e - ' m  T1/'2 cm OD(0) = 8.9 x 19 5+36 
0 
I f  w e  t a k e  T = 300 K as a n  e s t i m a t e  of the  i s o t h e r m a l  
t empera tu re ,  t hen  t h e  over ly ing  oxygen number d a n s i t y  a t  
u n i t  o p t i c a l  depth  i s  
12 
W e  recal l  t h a t  t h e  i n i t i a l  assumption of the rma l  
equilibrium i i i  t h e  ground s ta te  oxygea t r i p l e t  r e q u i r e d  
9 t o t a l  number d e n s i t i e s  210 . That  r a d i a t i v e  c o o l i n g  
comnences below t h e  a l t i t u d e  a t  which d e p a r t u r e s  from 
e q u i l i b r i u m  occur  i s  obvioJs  from ( 1 9 )  s i n c e  atomic 
oxygen number d e n s i t i e s  of 10 would cor respond t o  u n i t  
9 
o p t i c a l  dep th  i n  t h e  6211 l i n e  only i f  t h e  scale h e i g h t  
w e r e  --lo00 k m .  
I n  t h e  cas2 of carbon monoxide w e  have t r a n s i t i o n s  
between r o t a t i o n a l  s t a t e s  J 2 J-1 f o r  a l l  v a l u e s  of t h e  
angu la r  momentum quantum number J. W e  w i l l  assume, as 
h a s  been done by  McElroy e t  a l .  (1965),  t h a t  t h e  o p t i c a l  
d e p t h  i n  t h e  carbon monoxide r o t a t i o n a l  l i n e a  i s  g iven  
by t h e  o p t i c a l  dep th  i n  t h e  l i n e  i n  which m D s t  energy i s  
t r a n s f e r r e d .  The r o t a t i o n a l  s t a t e  w i t h  t h e  g r e a t e s t  
occupat ion  i s  s p e c i f i e d  by 
The E i n s t e i n  c o e f f i c i e n t  f o r  spoa taneaus  emiss ion  i n  t h i s  
l i n e  may be eva lua ted  from t h e  g e n e r a l  e x p r e s s i o n  f o r  t h e  
A c o e f f i c i e n t  ( S c h i f f ,  1955, Chapter  10)  u s i n g  t h e  d i p o l e  
13 
m a t r i x  element  f o r  a d j a c e n t  states of a r i g i d  r o t a t o r .  
W e  have 
4 
4 3 2 5  = -(4iTB) d - 
A ~ , ~ - i  31i 2 J + 1  
where B i s  t h e  r o t a t i o n a l  c o n s t a n t  of t h e  molecule ,  d 
t h e  d ipDle  m3ment of C9 and Ti P l a n k ' s  c o n s t a n t .  Evalua t -  
i n g  t h i s  and a l l  o t h e r  J-dependent terms i n  (13)  a t  
J = JMu g i v e s  t h e  absorptio!i  c r o s s  s e c t i o n  i n  t h e  
s t r o n g e s t  r o t a t i o n a l  l i n e  as 
1/2 - ( 2 0  /TI - 
1 ( 2 2 )  r 
1/2 tj 1 /2  4Tr (CO) = - 
D 
where d r  is  t h e  c h a r a c t e r i s t i c  r o t a t i o n a l  tempera ture  
hcB/k. Evalua t ing  t h e  c o n s t a n t s ,  w i t h  d = . 12  x 10 
(Fowler,  1935) ,  B = 1.93 c m  ( B a t e s , l 9 5 1 ) ,  and expanding 
t h e  e x p o n e n t i a l  t o  f i r s t  o rds r  w 8  f i n d  
-18 
-1 
-13 1.35 x 10 
CD(C0)  = cm 
T3/2 
( 2 3 )  
This  expres s ion  w a s  g iven  by McElroy et &. (1965) .  A t  
a temp2rature  T = 300 K u n i t  op t ica l  dep th  i n  t h e  CO 0 
14 
r o t a t i o n a l  l i n e s  thus  occurs  a t  an  o-Jer lying CO d e n s i t y  
O f  
16 -2 
= 3 . 8  x 1 0  c m  1 - 
nCO HCO1 7 = 1  rrD(CO) (24 )  
Equat ions  (19)  and (24)  shod c l e a r l y  t h a t  c a n c l u s i o n s  a s  
t o  t he  r e l a t i v e  e f f e c t i v e n e s s  of 0 and CO as  c o o l i n g  
a g e n t s  based on a direct  comparison of t h e  power r a d i a t e d  
l o c a l l y  is mis leading .  The sum of t h e  o s c i l l a t o r  s t r e n g t h s  
f o r  t h s  CO r o t a t i o n a l  l i n e s  i s  greater than  t h e  o s c i l l a t o r  
s t r e n g t h  of t h e  62g 0 e n i s s i o a .  However, t h i s  i m p l i e s  
n o t  only t h a t  CO is  a more e f f e c t i v e  emitter in t h e  i n f r a -  
red t h a n  i s  0, b u t  is  a l s o  a more e f f e c t i v e  a b s o r b e r .  
Only a c o n s i d e r a t i o n  of t h e  balance between emiss ion  and 
loss can  l e a d  t o  v a l i d  conc lus ions  r e g a r d i n g  t h e  r e l a t i v e  
e f f e c t i v e n e s s  of t h e s e  cons t i t . uen t s  as r a d i a t o r s .  
5 .  Comparison of To ta l  F l u x e s  Radia ted  by 0 and CO 
W e  w i l l  no7 assume tha t  i n  the a l t i t u d e  r e g i o n  
from which r a d i a t i v e  loss occurs  the scale he igh t  may 
be adequate ly  described i n  t e r m s  of a l i n e a r  v a r i a t i o n  
i . e . ,  
15 
( 2 5 )  
where H i s  t h e  scale h e i g h t  a t  t h e  bqttom of t h e  zone 
and i s  t h e  ( c o n s t a n t )  s z a l e  h e i g h t  g r a d i e n t .  The 
number d e n s i t y  of a c a n s t i t i i e n t  is  g i v e n  i n  t h i s  case by 
0 
The s u b s c r i p t  0 on a q u a n t i t y  refers t o  the v a l u e  of 
t h a t  q u a n t i t y  a t  t h e  a l t i t u d e  of t h e  bot tom of t h e  r a d i a -  
t i o n  zone, i . e . ,  a t  u n i t  o p t i c a l  d e p t h .  T h i s  a l t i t u d e  
is  d i f f e r e n t  f o r  d i f f e r e n t  c o n s t i t u e n t s ,  b u t  t h i s  d i s -  
t i n c t i o n  need n o t  be made y e t .  The o p t i c a l  dep th  i n  a 
g i v e n  c o n s t i t u e n t  i s  
1 Z 
where w e  assume t h a t  z deno tes  t h e  a l t i t u d e  of  the  t o p  
3f tfie r a d i a t i n g  zone and t h a t  c o n t r i b u t i o n s  t o  t h e  o p t i -  
c a l  d e p t h  from j rea te r  a l t i t u d e s  are n e g l i g i b l e .  The 
a l t i t u d e  z is  n o t  s t r i c t l y  d e f i n e d ,  b-Jt should  be 
chosen a t  least  one scale h e i g h t  above z o .  Using (18) 
1 
1 
1 6  
and (23 )  f o r  t h e  a b s o r p t i o n  c r o s s  s e c t i o n s  i n  0 and  CO 
w e  f i n d  t h e  f o l l o d i n g  e x p r e s s i o n s  f o r  t h e  o p t i c a l  d e p t h s  
i n  t h e s e  c o n s t i t u e n t s  
~ ( c o )  = 
17 ( c o )  
DO 
3 
2 co 1 + - B  
I co -. 
where A = T /T i s  t h e  r a t i o  o f  t e m p e r a t u r e s  a t  t h e  
0 1  
bottom and t o p  of the r a d i a t i o n  zone. S u b s c r i p t s  OX and 
CO have been appended t o  q u a n t i t i e s  which refer t o  
a tomic  oxygen and carbon monoxide. I n  t h e  d e r i v a t i o n  o f  
dependence o f  - ( T )  w a s  - 1/2 ( 2 8 )  from (27 )  only  t h e  T 
D 
e x p l i c i t l y  inc luded  i n  t h e  i n t e g r a t i o n .  The remaining 
temperature-dependent  t e r m  i n  (181, which v a r i e s  from 0 
t o  1/5 as T v a r i e s  from = t o  0,  i s  assumed e v a l u a t e d  a t  
To. Th i s  approximat ion  w i l l  s l i g h t l y  o v e r e s t i m a t e  t h e  
o p t i c a l  d e p t h  a t  6 2 1 ~  ( f o r  a g i v e n  a l t i t u d e )  and c o r r e -  
spondingly  unde res t ima te  t h e  e f f e c t i v e n e s s  o f  0 c a o l i n 3 .  
The t o t a l  f l u x  r a d i a t e d  by a c o n s t i t u e n t  i s  g i v e n  by 
( 2 8 )  
(29)  
1 2 
where R(z,T) is t h e  power r a d i a t e d .  Using (2) and (4) 
f o r  t h e  power radiated by 0 and CO w e  f i n d  
- 18 
FR(0) = 2.8 x 10 (nOHO)ox I 
-23 2 
2.58 x 10 ( n  T H ) (1-2@co)/Bco -, 
' (32) - FR(CO) = O O O - bco 1 - 28, 
The f u n c t i o n  f(To) appear ing  i n  (31) and g i v e n  e x p l i c i t l y  
by (3) w a s  n o t  i nc luded  i n  t h e  i n t e g r a n d  of (30) b u t  i s  
assumed e v a l u a t e d  a t  T 
i s  r e l a t i v e l y  s l o w  f o r  T > 250°K. 
w a s  g iven  by McElroy e t  a l .  (1965). I f  w e  now e v a l u a t e  
t h e  p roduc t  nH appear ing  i n  (31) and (32) a t  u n i t  o p t i c a l  
The v a r i a t i o n  of f ( T )  w i t h  T 
The expres s ion  (32) 
0' 
dep th  ( u s i n g  (28) and (29)) w e  o b t a i n  t h e  t o t a l  energy 
loss by 0 and CO i n  a p l a n e t a r y  thermosphere ( i n  e rgs /  
c m 2  sec) 
l/pox 
-3 pox - AOX FR(0) = 9.6 x 10 (1 + -)E(T~)T~ 2 








E ( T ~ )  = - 228/T0 
e - 1  
18 
( 3 5 )  
I t  must be borne  i n  mind t h a t  To may r e f e r  t o  d i f f e r e n t  
t empera tu res  i n  t h e  expres s ions  r e l a t i n g  t o  0 and CO. 
For  tempera tures  To *t 300°K the f l u x  l o s t  i n  t h e  621, 
l i n e  i s  roughly p r o p o r t i o n a l  t o  T TO' s i n c e  E ( T  ) 
3/2 
0 0 
The p resence  of atomic oxygen i n  a p l a n e t a r y  thermosphere 
t h e r e f o r e  does ,  t o  some e x t e n t ,  act  as a the rmos ta t  s i n c e  
t h e  t o t a l  energy 
tempera ture .  I n  
t h e  t h e r m o s t a t i c  
s i n c e  t h e  energy 
loss i n c r e a s e s  more r a p i d l y  than  t h e  
an atmosphere c o n t a i n i n g  bo th  0 and CO 
e f f e c t  of CO w i l l  of c o u r s e  predominate 
loss by  CO goes as T 7/2 
0 -  
W e  w i l l  n e g l e c t  t h e  d i f f e r e n c e  i n  temperat-ures a t  
u n i t  o p t i c a l  dep ths  i n  0 and CO and deno te  by T a mean 
t empera tu re  i n  t h e  a l t i t u d e  r e g i o n  between which 0 and 
CO beg in  t o  r a d i a t e .  The r a t i o  of t h e  t o t a l  h e a t  
f l u x e s  r a d i a t e d  by 0 and CO is  then  
R 






S i n c e  E(TR)  = T 
roughly as Tm2 a t  h igh  tempera tures .  
p l o t t e d  as a f u n c t i o n  of T i n  F ig .  1. Table 1 g i v e s  R 
t h e  v a l u e s  of t h e  t o t a l  f l u x  r a d i a t e d  by 0 and CO from 
u n i t  o p t i c a l  d e p t h  i n  each  c o n s t i t u e n t  f o r  v a r i o u s  
v a l u e s  of t empera tu re  and s c a l e  h e i g h t  g r a d i e n t  i n  t h e  
r a d i a t i o n  zone. The f i g u r e s  may s e r v e  as a u s e f u l  check 
on t h e  r e s u l t s  of d e t a i l e d  n u m e r i c a l  i n t e g r a t i o n  of t h e  
the rma l  conduct ion  e q u a t i o n  and as a basis f o r  judging 
t h e  r e l a t i v e  e f f e c t i v e n e s s  of t h e s e  c o n s t i t u e n t s  a s  
c o o l i n g  a g e n t s .  The tempera ture  d i f f e r e n c e  a t  u n i t  
o p t i c a l  dep th  i n  0 and CO should be t aken  i n t o  accoun t  
b e f o r e  q u a n t i t a t i v e  comparisons are made. 
6. Nocturna l  Temperature Change 
f o r  TR X 300 K t h i s  r a t i o  f a l l s  o f f  
R 
The r a t i o  i s  
B a t e s  compared t h e  t o t a l  energy c o n t e n t  of t h e  E a r t h ' s  
2 
F r e g i o n  ( p e r  c m  column) wi th  t h e  energy loss ra te  due 
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2 1  
i s t i c  t i m e  which he  obta ined  as t h e  q u o t i e n t  of t h e s e  
q u a n t i t i e s  w a s  of  t h e  o r d e r  of s e v e r a l  d a y s ,  and h e  
t h e r e f o r e  concluded t h a t  n o c t u r n a l  c o o l i n g  would be 
s l i g h t .  The t ime-dependent s t u d y  by H a r r i s  and P r i e s t e r  
(1962) g i v e s  a d a i l y  ampl i tude  of e x o s p h e r i c  t empera tu re  
v a r i a t i o n  of roughly *200°K a b o u t  a mean of 1500’K. The 
ampl i tude  i s  t h u s  r e l a t i v e l y  s m a l l  (f15-20”/,). 
The s i t u a t i o n  i s  q u i t e  d i f f e r e n t  i f  s u b s t a n t i a l  CO 
i s  p r e s e n t .  W e  w i l l  d e f i n e  t h e  c o o l i n g  t i m e  f o r  CO as  
t h e  t i m e  r e q u i r e d  f o r  r a d i a t i o n  from t h e  r o t a t i o n a l  
s ta tes  t o  h a l v e  a g i v e n  i n i t i a l  t empera tu re .  I f  w e  con- 
s ider  CO c o o l i n g  a l o n e ,  t h e  t empera tu re  change i s  
d e s c r i b e d  by 
= -k n (2) T2 d T  
r cP  r CO (37)  
-23 
where k = 2.58 x 10 
of t h e  t e r m  f o r  t h e  power r a d i a t e d  by CO (see e q u a t i o n  ( 4 ) ) .  
The s o l u t i o n  of (37)  is  
e r g / O K 2  sec is  t h e  c o e f f i c i e n t  r 
U 
T ( t )  = 1 + t / t i  ( 3 8 )  
22 
where T is  t h e  i n i t i a l  temperature  and 
0 
C M  P 
k n  T 
1; = 
r CO 0 
i s t h e  coo l ing  t i m e  f o r  CO. I f  w e  t a k e  t h e  d e n s i t y  1’ i n  
( 3 9 )  t o  be the  sum of t h e  0 and CO d e n s i t i e s ,  may be 
expressed as 
(39 )  
where m i s  t h e  mass of a CO molecule,  m t h e  mass of co OX 
atomic oxygen, . (0) and - (CO) are t h e  Doppler abso rp t ion  
c r o s s  s e c t i o n s  given i n  (18) and ( 2 3 ) ,  and - and - 
are t h e  i so the rma l  o p t i c a l  depths  i n  0 and CO. The 
temperature  dependence n o t  taken i n t o  e x p l i c i t  account  
i n  pass ing  from ( 3 7 )  t o  ( 3 8 ) ,  as w e l l  as the  a l t i t u d e  
dependence of ij, appears  i n  t h e  r i g h t  hand t e r m  i n  t h e  
b r a c k e t s  of ( 4 0 ) .  The Doppler abso rp t ion  cross s e c t i o n s  
a r e  temperature-dependent,  b u t  t h e  r a t i o  r~,(CO)/a,(0) 
does  no t  depend s t r o n g l y  on temperature  and i s  e q u a l  t o  
about  5 over a wide tempzrature  range.  The f i r s t  two 
f a c t o r s  i n  t h e  r i g h t  hand term i n  b r a c k e t s  of ( 4 0 )  are 
‘ D  D 
ox ’ co 
2 3  
t h u s  of o r d e r  u n i t y .  The r a t i o  , / ,  is c e r t a i n l y  less 
t h a n  one,  b u t  s i n c e  t h e  d e n s i t y ,  i , i s  l i k e l y  t o  be 
ox co 
s l i g h t l y  unde res t ima ted  i n  (40)  w e  w i l l  t a k e  t h e  r i g h t  
hand t e r m  as e q u a l  t o  1. The c o o l i n g  t i m e  i s  t h u s  
c m  P co a ; , 2 -  
k,TO 
/ - 1 .is t h u s  ox co The approximat ion  made i n  s e t t i n g  
rough ly  e q u i v a l e n t  t o  t h e  assumption t h a t  t h e  carbon 
3 monoxide d e n s i t y  ( g d c m  ) i n  t h e  r a d i a t i o n  zone is  h a l f  
the t o t a l  d e n s i t y .  Equat ion (41)  t h u s  c o n t a i n s  t h e  
i m p l i c i t  assumption t h a t  CO i s  a major a tmospher ic  
c o n s t i t u e n t  a t  t h e  a l t i t u d e  a t  which i t  d i s s o c i a t e s .  
2 
The t empera tu re  change as a f u n c t i o n  of t i m e ,  e v a l -  
u a t e d  from ( 3 8 ) ,  over  a 12-hour p e r i o d  i s  shown i n  F i g .  2 
f o r  v a r i o u s  i n i t i a l  t empera tu res .  The s p e c i f i c  h e a t  
h a s  been t aken  as c 
g i v e n  by (41 )  i s  abou t  7 hours  a t  1000°K. 
= 0 . 2  cal/OK gm. The c o o l i n g  t i m e  
P 
The ampl i tude  of t h e  tempera ture  d e c r e a s e  g i v e n  i n  
F i g .  2 shou ld  be r e p r e s e n t a t i v e  of t h a t  t o  be expec ted  
i n  t h e  M a r t i a n  thermosphere s i n c e  t h e  r o t a t i o n a l  p e r i o d  
of  t h e  p l a n e t  is  abou t  24 hours .  Thus, i f  t h e  peak 
24 
0 day t ime  t empera tu re  i s  11000 K t h e  t e m p s r a t u r e  of t h e  
n i g h t t i m e  Mar t ian  exosphere  must f a l l  t o  ,300 K u n l e s s  
there is a n o c t u r n a l  h e a t  source. The r o t a t i o n a l  p e r i o d  
of Venus i s  r e l a t i v e l y  long ,  b e i n g  a b o u t  250 days  r e t r o -  
grade ( G o l d s t e i n  and Carpen te r ,  1 9 6 3 ) .  The n o c t u r n a l  
t e m p e r a t u r e  i n  t h e  Venusian thermosphere c o u l d  t h u s  be 
q u i t e  l o w  s i n c e  equ i l ib r ium may depend e i t h e r  on energy  
t r a n s p o r t  from t h e  day s i d e ,  on i n f r a r e d  h e a t i n g  from 
t h e  p l a n e t a r y  spec t rum,  o r  on o t h e r  l o w  a l t i t u d e  h e a t  
s o u r c e s .  Thermal conduct ion  from t h e  d a y  s i d e  c o u l d  
n o t  m a i n t a i n  a ve ry  h i g h  t empera tu re  on t h e  n i g h t  s ide  
of t h e  p l a n e t .  Even w i t h  a day-n ight  t empera tu re  d i f -  
f e r e n c e  of 2000 K ,  t h e  mean h o r i z o n t a l  temperature g r a d i e n t  
would be ;: - 0 5  K/km, which would t r a n s p o r t  -.008 erg/cm sec. 
From Table 1 w e  see t h a t  t h i s  f l u x  cou ld  be s u b s t a n t i a l l y  
accommodated by 0 and CO a t  t empera tu res  7; 1 0 0 ° K .  
q u a n t i t a t i v e  estimate of t h e  t empera tu re  main ta ined  by 
i n f r a r e d  h e a t i n g  would r e q u i r e  a s o l u t i o n  of t h e  r a d i a t i v e  
t r a n s f e r  e q u a t i o n ,  b u t  it would be less t h a n  t h e  p l ane -  
t a r y  e f f e c t i v e  t empera tu re  of - 2 3 0  K. 






The e f f e c t i v e n e s s  of atomic oxygen and ca rbon  monoxide 
25 
as r a d i a t i v e  c o o l i n g  agents i n  a p l a n e t a r y  thermosphere 
L- lids "ueeii ii-iiiestiyated. A n a l y t i c  e x p r e s s i o n s  f o r  tne 
t o t a l  f l u x  r a d i a t e d  by each c o n s t i t u e n t  were developed 
and it w a s  shown t h a t  f o r  t empera tu res  --300 K i n  t h e  
r a d i a t i o n  zone t h e  t o t a l  energy l o s s  i n  t h e  62L1 oxygen 
l i n e  may e q u a l  o r  exceed t h a t  i n  t h e  CO r o t a t i o n a l  l i n e s .  
The f i g u r e s  g i v e n  i n  T a b l e  1 f o r  t h e  t o t a l  f l u x  r a d i a t e d  
by each  c o n s t i t u e n t  depend on t h e  e f f i c a c y  of a B a t e s '  
t y p e  of c o o l i n g  approximation f o r  t h e i r  v a l i d i t y ,  b u t  
t h e  c o n c l u s i o n s  drawn i n  t h i s  paper  as t o  t h e  r e l a t i v e  
c o o l i n g  e f f e c t i v e n e s s  of 0 and CO are n o t  s o  dependent .  
0 
I t  h a s  been shown t h a t  s u b s t a n t i a l  o v e r n i g h t  c o o l i n g  
w i l l  occur  i n  p l a n e t a r y  exospheres  c o n t a i n i n g  CO. The 
ampl i tude  of t h e  day-n ight  t empera tu re  v a r i a t i o n  i n  t h e  
Mar t i an  exosphere  is  probably abou t  50% i n  c o n t r a s t  t o  a 
15-200/0 d i u r n a l  v a r i a t i o n  i n  t h e  E a r t h ' s  exosphere .  The 
n o c t u r n a l  t empera tu re  minimum i n  t h e  Mar t ian  exosphere  
must be r;300°K i f  t h e  peak dayt ime t empera tu re  is  400O0K, 
as it must be f o r  t h e  r e t e n t i o n  of a tomic  oxygen by t h e  
p l a n e t  (Chamberlain,  1 9 6 2 ) .  The Venusian exosphere  must 
a l s o  be r a p i d l y  cooled  b y  CO. Due t o  t h e  l e n g t h  of t h e  
n i g h t  on Venus t h e  e q u i l i b r i u m  e x o s p h e r i c  t empera tu re  
2 6  
must be main ta ined  e i t h e r  by h o r i z o n t a l  energy  t r a n s p o r t  
o r  by h e a t i n g  from lower a l t i t u d e s .  H o r i z o n t a l  conduc- 
t i o n  from t h e  day s i d e  cou ld  n o t  ma in ta in  a n i g h t t i m e  
t empera tu re  i n  excess of -100"~. 
27 
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F i g .  1. R a t i o  of 0 t o  (10 radiate2 flux. rnL llt: - 
c u r v e s  are l a b e l e d  accord ing  t o  the ;raluc2n : ~ f  t h a  scale 
h e i g h t  g r a d i e n t  A f o r  0. ox 
F i g .  2 .  Decrease i n  tempera ture  w i t h  t i m e  due t o  














I I I I I I I I ! 
.o 
100 200 300 400 500 600 700 800 900 1000 
















I I I I I I I I 7 I 
I I I I I I I I I I I 
12 IO II 0 I 2 3 4 5 6 7 8 9 
TIME ( H R S . )  
